Programmed cell death (apoptosis) is an important host defense mechanism against intracellular pathogens, such as viruses. Accordingly, viruses have evolved multiple mechanisms to modulate apoptosis to enhance replication. Varicella-zoster virus (VZV) induces apoptosis in human fibroblasts and melanoma cells. We found that VZV triggered the phosphorylation of the proapoptotic proteins Bim and BAD but had little or no effect on other Bcl-2 family members. Since phosphorylation of Bim and BAD reduces their proapoptotic activity, this may prevent or delay apoptosis in VZV A poptosis is an important host defense mechanism against intracellular pathogens, such as viruses (1-3). Accordingly, viruses have evolved ways to manipulate this pathway to allow efficient virus replication and production of progeny (4). Apoptosis can be triggered by extracellular stimuli, such as tumor necrosis factor alpha (TNF-␣), Fas ligand, or nutrient depletion, which is termed extrinsic apoptosis, or by intracellular stresses, such as endoplasmic reticulum (ER) stress, hypoxia, or DNA damage, which is termed intrinsic apoptosis. The intrinsic apoptosis or mitochondrial pathway is controlled by the interplay between several Bcl-2 family proteins: the prosurvival proteins Bcl-2 (B-cell lymphoma 2), Bcl-xL (Bcl-2 extra large), and Mcl-1 (myeloid cell leukemia 1), as well as the proapoptotic proteins Bax (Bcl-2-associated X protein), Bak (Bcl-2 homologous antagonist/killer), Bim (Bcl-2-interacting mediator of cell death), PUMA (p53-upregulated modulator of apoptosis), NOXA (NADPH oxidase activator 1), Bid (BH3-interacting domain death agonist), and BAD (Bcl-2-associated death promoter). Bax and Bak are effectors of apoptosis that form pores on mitochondrial membranes, resulting in release of cytochrome C and triggering apoptosis (5).
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Apoptosis is a complex process, and many cellular components and signaling pathways are involved to ensure that it is properly controlled (6) . Viruses regulate apoptosis using different mechanisms; most viruses encode proteins to suppress apoptosis, while some RNA viruses trigger apoptosis for virus spread (4). Alphaherpesviruses trigger different apoptosis responses depending on the cell types they infect (7, 8) . Herpes simplex virus 1 (HSV-1) and HSV-2 encode a number of proteins that inhibit apoptosis (9, 10) , including protein kinase US3 (11, 12) , glycoprotein J (gJ) (13) , and latency-associated transcript (LAT) (14) . In addition, HSV mutants deleted for ICP4, ICP27, UL39, and gD undergo apoptosis in a cell-type-specific manner (15) (16) (17) (18) (19) .
Varicella-zoster virus (VZV) is a ubiquitous human alphaherpesvirus that causes varicella (chickenpox) during primary infection and zoster (shingles) when the virus reactivates. VZV rapidly induces apoptosis (24 to 48 h after infection) in primary human foreskin fibroblasts (HFF) (20) and slowly induces apoptosis in melanoma cells (64 to 72 h after infection, (21) and in Vero cells (72 to 96 h after infection, (22) ). VZV also induces apoptosis in B and T cells (23) but not in neurons (20, 24) . The VZV ORF66 protein inhibits apoptosis in T cells (25) , the ORF12 protein inhibits apoptosis in melanoma cells (26) , and ORF63 was thought to be important to protect virus-infected neurons from apoptosis in one study (27) but not in another report (28) . Here, we measured expression of Bcl-2 family member proteins during VZV infection and found that VZV induces phosphorylation of Bim which was dependent on activation of the MEK/ERK pathway, that overexpression of Bim induces caspase 3 cleavage and inhibits virus replication, and that VZV ORF12 contributes to phosphorylation of Bim.
MATERIALS AND METHODS

Cells, viruses, and chemical inhibitors.
Human melanoma (MeWo) and diploid fibroblast (MRC-5) cells were grown in minimal essential medium (MEM) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin, and HEK293T and human foreskin fibroblast (HFF) cells were grown in Dulbecco's modified eagle medium (DMEM) containing 10% FBS and 1% penicillin-streptomycin. VZV ROka (recombinant VZV derived from the Oka vaccine strain) and ROka12D (deleted for VZV ORF12) and MEK (U0126) and phosphatidylinositol 3-kinase (PI3K) (LY294002) inhibitors were described previously (26) . The caspase inhibitor Q-VD-OPh was obtained from R&D systems.
RESULTS
VZV triggers phosphorylation of Bim and BAD.
VZV infection induces apoptosis of fibroblasts, Vero, MeWo, and T cells but does not induce apoptosis of neurons (33) . Since the cellular targets responsible for VZV modulation of apoptosis are unknown, we measured levels of Bcl-2 family member proteins during infection. MeWo cells were infected with cell-associated VZV (strain ROka) at 0.1 PFU/cell, and virus-infected cells were collected at various times after infection. Levels of the prosurvival proteins Bcl-2, BclxL, and Mcl-1 and proapoptotic proteins Bax, BAD, and Bim were measured. Levels of Bim increased in mock-infected MeWo cells over time, while cells infected with VZV had reduced levels of Bim compared with findings for uninfected cells (Fig. 1A) . The ratio of phosphorylated Bim to total Bim was higher in VZV-infected cells than in mock-infected cells beginning at 12 h and peaking at 24 h after infection. Phosphorylated Bim (34, 35) and BAD (36) migrate at a lower rate than unphosphorylated proteins (Fig. 1A) . Similarly, the ratio of phosphorylated BAD to total BAD was higher in VZV-infected cells than in mock-infected cells. The ratios of phosphorylated Bim to total Bim and phosphorylated BAD to total BAD were higher in VZV-infected MRC-5 cells at 24 h (Fig. 1B) and in VZV-infected HFF from 24 h to 48 h after infection (Fig. 1C) The MEK/ERK pathway is required for increased levels of phosphorylated Bim in VZV-infected cells. Phosphorylation of Bim and BAD is controlled by growth factors, cytokines, and cell signaling molecules, such as ERK and PI3K (37, 38) . Since VZV activates the MEK/ERK pathway and PI3K (26, 39-41), we investigated whether VZV-induced phosphorylation of Bim and BAD is regulated by the MEK/ERK pathway and PI3K in virus-infected cells. MeWo cells were infected with cell-associated VZV at 0.1 PFU/cell, the cells were treated with PI3K or MEK inhibitor 24 h later, and lysates were prepared after an additional 6 h. Treatment with the MEK inhibitor U0126 or the PI3K inhibitor LY294002 abolished ERK or Akt phosphorylation, respectively. VZV-induced phosphorylation of Bim was inhibited by the MEK inhibitor but not the PI3K inhibitor, indicating that Bim phosphorylation is regulated by the MEK/ERK pathway but not PI3K ( Fig. 2A) . Similar results were observed in MRC-5 cells (Fig. 2B ). In contrast, BAD phosphorylation was not reduced by either MEK or PI3K inhibitor.
Reduced expression of Bim increases VZV replication. Since phosphorylation of Bim is dependent on VZV activation of MEK and inhibition of the MEK/ERK pathway suppresses viral replication (26, 40) , we postulated that Bim may modulate VZV replication. We constructed MeWo cell lines that overexpress Bim (MeWo-wt-Bim cells) or are knocked down for Bim (MeWoshBim cells) using lentivirus vectors that express wild-type Bim or Bim shRNA, respectively. ShBim was expressed under a doxycycline-inducible promoter in MeWo-shBim cells. MeWo, MeWoshBim, or MeWo-wt-Bim cells were infected with VZV, and virus replication, plaque formation, syncytium formation, and plaque size were measured. Bim was not detected in doxycycline-induced Mewo-shBim cells, and Bim was expressed at increased levels in doxycycline-treated MeWo-wt-Bim cells compared to expression in MeWo cells (Fig. 3A) . VZV replicated to higher titers in doxycycline-induced MeWo-shBim cells and to lower titers in doxycycline-treated MeWo-wt-Bim cells than in doxycycline-treated MeWo cells (Fig. 3B ). In addition, infection of doxycyclinetreated MeWo-shBim cells with green fluorescent protein (GFP)-expressing VZV (VZV-GFP) resulted in larger GFP-expressing syncytia on day 4 than with doxycycline-treated MeWo and MeWo-wt-Bim cells (Fig. 3C) . Plaque formation was delayed in doxycycline-treated MeWo-shBim cells infected with VZV-ROka and accelerated in doxycycline-treated MeWo-wt-Bim cells compared with that in doxycycline-treated parental MeWo cells. To quantify these results, we counted the number of plaques formed in 100 infectious foci (based on syncytium formation) in MeWowt-Bim, MeWo-shBim, and parental MeWo cells from day 4 to day 6 after infection with VZV-ROka. At day 4 postinfection, 85% of infectious foci formed plaques (85 plaques per 100 infectious foci) on doxycycline-treated MeWo-wt-Bim cells, only 20% of infectious foci formed plaques on MeWo-shBim cells, and 45% of infectious foci formed plaques on parental MeWo cells. At day 5 postinfection, nearly all virus infectious foci became plaques on MeWo-wt-Bim cells, 85% of infectious foci became plaques on parental MeWo cells, and only 40% of infectious foci became plaques on MeWo-shBim cells. At day 6, nearly all infectious foci became plaques on all the cell lines (Fig. 3D) . Significantly larger plaques were observed in doxycycline-treated MeWo-shBim cells (Fig. 3E) . Taken together, these results indicate that reduced Bim expression allows longer survival of VZV-infected cells, delayed plaque formation, and higher titers of cell-associated virus, while increased Bim expression results in shorter survival of virusinfected cells, smaller synctyia, earlier plaque formation, and lower titers of virus.
Overexpression of Bim induces caspase 3 cleavage in VZVinfected cells. Bim enhances apoptosis by binding to antiapoptotic Bcl-2 proteins (35, 37) . While VZV inhibits apoptosis early during infection, the mechanism by which VZV mediates this effect is unknown. Since VZV infection induces phosphorylation of Bim, which inhibits its proapoptotic activity, we postulated that regulation of Bim activity in virus-infected cells might affect apop- tosis. MeWo, MeWo-shBim, and MeWo-wt-Bim cells were infected with cell-associated VZV at 0.05 PFU/cells or mock infected, and at 36 h, cells were assayed for cleaved caspase 3, Bim, and VZV IE62. Cleaved caspase 3 was present at much higher levels in VZV-infected, doxycycline-treated, MeWo-wt-Bim cells (which overexpress Bim) than in doxycycline-treated parental MeWo cells or doxycycline-treated MeWo-shBim cells (Fig. 4) .
Conversely, cleaved caspase 3 was lower in virus-infected, doxycycline-treated MeWo-shBim cells (knocked down for Bim) than in doxycycline-treated parental MeWo cells. VZV infection reduced Bim expression in doxycycline-treated MeWo and MeWoshBim cells but not in doxycycline-treated MeWo-wt-Bim cells. VZV IE62 expression was reduced in doxycycline-treated MeWowt-Bim cells compared to that in the other cells (Fig. 4) , likely due to lower virus yields in cells overexpressing Bim (Fig. 3B ). In contrast, VZV IE62 expression was increased in doxycycline-treated MeWo-shBim cells compared to that in the other cells, presumably due to higher virus yields in cells knocked down for Bim. Similar results were also observed in HFF cells expressing shBim or wt Bim. Therefore, any inhibitory effect of VZV on apoptosis was superseded by the level of apoptosis induced by high-level expression of Bim. Taken together, these results indicate that overexpression of Bim activates caspase 3 and reduces VZV replication.
Inhibition of caspases restores VZV replication in cells overexpressing Bim. Since overexpression of Bim activates caspase 3 in VZV-infected cells, we postulated that the reduction in virus replication in MeWo-wt-Bim cells (which overexpress Bim) may be due to increased apoptosis in these cells. Doxycycline-treated MeWo, MeWo-wt-Bim, or MeWo-shBim cells were infected with VZV and treated with the pan-caspase inhibitor Q-VD-OPh 24 h after infection, and cells were collected 3 days later to titrate the virus. While inhibition of caspase activity with Q-VD-OPh slightly reduced viral titers in both MeWo cells (1.6-fold reduction) and MeWo-shBim cells (1.8-fold reduction), Q-VD-OPh increased VZV titers in MeWo-wt-Bim cells by 6.7-fold, restoring virus production to a level nearly the same as that in MeWo cells either treated or not treated with Q-VD-OPh (Fig. 5) . Thus, increased caspase activity induced by overexpression of Bim inhibits VZV replication.
VZV ORF12 is required for efficient phosphorylation of Bim. Since VZV triggers phosphorylation of Bim which is dependent on ERK, and we reported previously that the VZV ORF12 protein activates ERK and inhibits apoptosis (26), we postulated that VZV ORF12 might contribute to phosphorylation of Bim and BAD. MRC-5 cells were infected with VZV ROka or ROka12D (deleted for VZV ORF12) at 0.1 PFU/cell with cell-associated virus, and infected cells were collected at different times after infection. The ratio of phosphorylated Bim to total Bim was lower in MRC-5 cells infected with ROka12D than in those infected with ROka, indicating that ORF12 triggers Bim phosphorylation (Fig. 6A ). In contrast, the ratio of phosphorylated BAD to total BAD was not lower in cells infected with ROka12D than in those infected with ROka. Levels of Bcl-2 and Bcl-xL showed little or no difference in cells infected with ROka12D compared to those infected with ROka. A lower ratio of phosphorylated Bim to total Bim was also observed in ROka12D-infected MeWo cells compared with ROka-infected MeWo cells beginning at 12 h after infection (Fig. 6B) . These results indicate that VZV ORF12 triggers phosphorylation of Bim.
Since VZV ORF12 triggers Bim phosphorylation, we tested whether overexpression of Bim has a more inhibitory effect on replication of VZV ROka12D than on that of ROka and if knock down of Bim enhances replication of VZV ROka12D more than that of ROka. MeWo-wt-Bim, MeWo-shBim, and parental MeWo cells were infected with VZV ROka or ROka12D in medium containing 2% FBS at 34°C, virus-infected cells were collected on days 1 to 6, and titers of virus were determined on MeWo cells. Replication of VZV ROka (Fig. 7A) and that of ROka12D (Fig. 7B) were similarly reduced on MeWo-wt-Bim cells, and while replication of both viruses was enhanced in MeWo-shBim cells compared to that in parental MeWo cells, the degree of enhancement was similar for ROka and ROka12D. Thus, while the ORF12 protein is important for efficient phosphorylation of Bim, VZV deleted for ORF12 is not more impaired for growth in cells overexpressing Bim or more enhanced for growth in cells knocked down for Bim than parental virus. These results indicate that the effect of ORF12 on phosphorylation of Bim does not have a major role in the effect of Bim on virus replication.
DISCUSSION
Apoptosis is important for host defense against virus infection, and herpesviruses manipulate the host to inhibit apoptosis (1) (2) (3) 42) . We found that VZV infection regulates Bcl-2 family proteins. Infection of cells with VZV triggered phosphorylation of Bim and BAD, while little or no effect was observed on other Bcl-2 family proteins, including Mcl-1, Bcl-2, Bcl-xL, or Bax. While we did not look specifically for phosphorylated forms of other Bcl-2 family members, we did not see changes in migration of these proteins, unlike the changes noted with Bim and BAD.
We found that inhibition of Bim expression prolonged survival of VZV-infected cells. Bim is a proapoptotic BH3-only protein that binds to the antiapoptotic Bcl-2 proteins Bcl-2, Bcl-xL, and Mcl-1, resulting in the release of Bax/Bak to promote apoptosis (35, 37) . Phosphorylation of Bim reduces its proapoptotic activity by promoting its disassociation from Bcl-2, Bcl-xL, or Mcl-1 (35, 43) . Other herpesviruses, in addition to VZV, regulate expression of Bim. Infection of cells with Epstein-Barr virus (EBV) results in degradation of Bim (44) . EBV EBNA3A and EBNA3C cooperate to downregulate Bim (45) , and EBV BHRF1 (a homolog of Bcl-2) associates with and sequesters Bim (46, 47) . The EBV BART mi- croRNAs reduce expression of Bim (48), and Bim undergoes epigenetic repression and CpG methylation in EBV-latently infected B cells (49) . Kaposi's sarcoma-associated herpesvirus (KHSV)-encoding viral interferon regulatory factor 1 (vIRF-1) promotes nuclear translocation of Bim resulting in its inactivation (50) .
Here we showed that VZV phosphorylation of Bim is dependent on activation of the MEK/ERK pathway. ERK is critical for phosphorylation of Bim (37) . Many herpesviruses activate ERK to regulate survival of infected cells. Human cytomegalovirus (HCMV) gB activates ERK to induce expression of Mcl-1 (51), the HSV-2 large subunit of ribonucleotide reductase (ICP10PK) triggers ERK activation to upregulate the X-linked inhibitor of apoptosis (XIAP) and the antiapoptosis protein Bag-1 (52, 53) , EBV LMP2A activates ERK to degrade Bim (54) , and KSHV LANA induces ERK expression to increase phosphorylation of c-Myc (55) . VZV activates ERK, and suppression of ERK inhibits VZV replication (26, 40) .
We found that VZV infection also triggered phosphorylation of BAD. BAD is a BH3-only proapoptotic protein that is tightly regulated by survival factors, and phosphorylation of BAD inhibits its apoptotic function (56, 57) . BAD can be phosphorylated by Akt We found that knockdown of Bim enhanced survival of VZVinfected cells, delayed plaque formation, and resulted in higher levels of virus replication. In contrast, HSV did not grow to higher titers in cells knocked down for Bim (R. Godbout, K. Wang, X. Liu, and J. I. Cohen, unpublished data). A prior study showed that expression of a viral antiapoptotic Bcl-2 homolog in human cells enhanced the growth of murine cytomegalovirus (61) . VZV grows to relatively low titers in cell culture, and production of cell-free virus is difficult. Thus, inhibition of Bim or other proapoptotic proteins (e.g., BAD and Bax) or expression of antiapoptotic proteins (e.g., Bcl-2 and Bcl-xL) might also increase levels of VZV replication and be used to enhance virus production.
